Greenhouse Gas Emissions from Wastewater Treatment Plants  by Parravicini, Vanessa et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of the General Assembly of the European Geosciences Union (EGU)
doi: 10.1016/j.egypro.2016.10.067 
 Energy Procedia  97 ( 2016 )  246 – 253 
ScienceDirect
(XURSHDQ*HRVFLHQFHV8QLRQ*HQHUDO$VVHPEO\(*8
'LYLVLRQ(QHUJ\5HVRXUFHV	(QYLURQPHQW(5(
*UHHQKRXVH*DV(PLVVLRQVIURP:DVWHZDWHU7UHDWPHQW3ODQWV
9DQHVVD3DUUDYLFLQLD.DUO6YDUGDOD-|UJ.UDPSHD
aTU-Wien, Institute for Water Quality, Ressources and Waste Management, Karlsplatz 13/226, 1040 Vienna, Austria 
$EVWUDFW
'LUHFWDQGLQGLUHFWJUHHQKRXVHJDVHVHPLVVLRQVRIWZRPRGHOPXQLFLSDO::73VZHUHHVWLPDWHGXVLQJFDUERQIRRWSULQWDQDO\VHV
2QH::73ZDV GHVLJQHGZLWK DQDHURELF GLJHVWLRQ WKH RWKHU RQHZLWK VLPXOWDQHRXV DHURELF VWDELOL]DWLRQ RI VHZDJH VOXGJH
(PLVVLRQ IDFWRUV ZHUH GHULYHG IURP OLWHUDWXUH YDOXHV )RU GLUHFW QLWURXV R[LGH HPLVVLRQV D QHZ HVWLPDWLRQ PRGHO EDVHG RQ
PHDVXUHPHQWV DW HLJKW$XVWULDQ::73VZDV DSSOLHG5HVXOWV VKRZ WKDW WKH GLUHFW QLWURXV R[LGH HPLVVLRQ IURP WKH DFWLYDWHG
VOXGJH WDQNVGRPLQDWHV WKHFDUERQIRRWSULQWRI::73VZLWKDPRGHUDWHQLWURJHQUHPRYDO$QDHURELFGLJHVWHUVDQGDQDHURELF
VOXGJHVWRUDJHWDQNVFDQDOVREHFRPHDUHOHYDQWVRXUFHRIGLUHFWPHWKDQHHPLVVLRQV


7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRIWKH*HQHUDO$VVHPEO\RIWKH(XURSHDQ*HRVFLHQFHV8QLRQ
(*8
Keywords:*UHHQKRXVHJDVHVFDUERQIRRWSULQWZDVWHZDWHUWUHDWPHQWQLWURXVR[LGHPHWKDQH
,QWURGXFWLRQ
0XQLFLSDOZDVWHZDWHUFROOHFWLRQDQGGLVSRVDODWZDVWHZDWHUWUHDWPHQWSODQWV::73FRQWULEXWHWRWKHHPLVVLRQ
RIJUHHQKRXVHJDVHV*+*LQWKHDWPRVSKHUH7KLVLVDOVRKLJKOLJKWHGLQWKH,QWHUJRYHUQPHQWDO3DQHORQ&OLPDWH
&KDQJH ,3&&JXLGHOLQHVXVHG IRUQDWLRQDO*+* LQYHQWRULHVZLWKLQ WKHPHPEHU FRXQWULHV >@&DUERQ IRRWSULQW
DQDO\VHVKDYHEHHQVKRZQWREHDSSOLFDEOHWRHVWLPDWH*+*HPLVVLRQVDOVRLQWKHZDVWHZDWHUVDQLWDWLRQVHFWRU>@


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:YSDUUDYL#LZDJWXZLHQDFDW
Available online at www.sciencedirect.com
© 2016 The Authors. Published by lsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of the General Assembly of the European Geosciences Union (EGU)
 Vanessa Parravicini et al. /  Energy Procedia  97 ( 2016 )  246 – 253 247
7KH FDUERQ IRRWSULQW UHSUHVHQWV WKH WRWDO VHW RI *+* HPLVVLRQV FDXVHG GLUHFWO\ RU LQGLUHFWO\ E\ DQ DFWLYLW\ RU
UHVXOWLQJIURPWKHGLIIHUHQWOLIHF\FOHVWDJHVRIDSURGXFW7KHJOREDOZDUPLQJSRWHQWLDO*:3RI*+*VLVUHIHUUHG
WRFDUERQGLR[LGH&2DVUHIHUHQFHJDVDQGXVXDOO\H[SUHVVHGDVHTXLYDOHQWFDUERQGLR[LGH&2H
(PLVVLRQSDWKVLQZDVWHZDWHUVDQLWDWLRQDUHH[HPSODU\VXPPDUL]HGLQ7DEOH'LUHFW*+*HPLVVLRQVLQFOXGH
HPLVVLRQVRIPHWKDQH&+DQGQLWURXVR[LGH12WKDWFDQEHELRORJLFDOO\SURGXFHGDQGHPLWWHGLQVHZHUVDQGDW
::73V GXULQJ ZDVWHZDWHU DQG VHZDJH VOXGJH WUHDWPHQW &2 LV DOVR HPLWWHG DW::73V EXW LW LV XVXDOO\ QRW
FRQVLGHUHGLQ WKH&2EDODQFHEHLQJSUHGRPLQDQWO\ELRJHQLFDQGWKHUHIRUHFOLPDWHQHXWUDO,QGHHG LVRWRSLFPDVV
EDODQFHDQDO\VHVUHYHDOHGWKDWWRRIWKHWRWDORUJDQLFFDUERQLQZDVWHZDWHULQIOXHQWFDQEHRIIRVVLORULJLQ>@
,QGLUHFW *+* HPLVVLRQV RFFXU DW::73V PDLQO\ E\ WKH FRQVXPSWLRQ RI HOHFWULFLW\ E\ EXUQLQJ IRVVLO IXHO IRU
WUDQVSRUWDWLRQE\WKHXVHRIFKHPLFDOVHJIRUSKRVSKDWHSUHFLSLWDWLRQDQGVOXGJHGHZDWHULQJDQGE\WKHGLVSRVDO
RIVHZDJHVOXGJHELRVROLGV
7KHLQIRUPDWLYHYDOXHRIFDUERQIRRWSULQWDQDO\VHVUHOLHVRQDZHOOFRQVLGHUHGVHOHFWLRQRIWKHHPLVVLRQIDFWRUV
() XVHG IRU WKH FDOFXODWLRQV 6HYHUDO VRXUFHV DQG GDWDEDVHV DUH FXUUHQWO\ DYDLODEOH HVSHFLDOO\ IRU LQGLUHFW
HPLVVLRQV>@)RUGLUHFWHPLVVLRQVRI&+DQG12DW::73VOLWHUDWXUHYDOXHVFDQEHDSSOLHG>@)HZ
ILHOGPHDVXUHPHQWVKDYHEHHQFRQGXFWHGVRIDURQ&+HPLVVLRQV,QFRQWUDVWGLUHFW12HPLVVLRQIURPDFWLYDWHG
VOXGJHWDQNVKDYHEHHQLQWHQVLYHO\LQYHVWLJDWHGLQWKHODVWGHFDGH'HVSLWHRIWKLVWKHHVWLPDWLRQRIUHSUHVHQWDWLYH
()V IRU 12 HPLVVLRQ LV VWLOO KDPSHUHG E\ WKH ZLGH YDULDELOLW\ UDQJH RI WKH PHDVXUHPHQW UHVXOWV 7KLV FDQ EH
DWWULEXWHGWRWKHVWURQJLQIOXHQFHRIRSHUDWLQJFRQGLWLRQVORDGLQJUDWHGLVVROYHGR[\JHQFRQFHQWUDWLRQWHPSHUDWXUH
HWFRQ12SURGXFWLRQDQGHPLVVLRQ$QHZHVWLPDWLRQPRGHOEDVHGRQORQJWHUPPHDVXUHPHQWVDWHLJKW$XVWULDQ
::73VFDQKHOSLPSURYLQJWKHHVWLPDWLRQRIGLUHFW12HPLVVLRQVIURPDFWLYDWHGVOXGJHWDQNV>@,QQRYDWLYHLQ
WKHPRGHOLVWKHGHILQLWLRQRI()VDVDIXQFWLRQRIWKHRSHUDWLQJFRQGLWLRQDWHYHU\VLQJOH::73,QSDUWLFXODUWKH
GHJUHH RI 71 UHPRYDO VKRZHG D JRRG FRUUHODWLRQZLWK GLUHFW12 HPLVVLRQV 7KLV QHZ DSSURDFK IRU HVWLPDWLQJ
GLUHFW 12 HPLVVLRQZDV DSSOLHG LQ WKH SUHVHQW VWXG\ WR FDOFXODWH WKH FDUERQ IRRWSULQW RI WZRPRGHO PXQLFLSDO
::73V$GGLWLRQDOO\WKHLPSDFWRISURFHVVFRQILJXUDWLRQZLWKDQGZLWKRXWDQDHURELFGLJHVWLRQRIVHZDJHVOXGJH
RQWKH&2EDODQFHRI::73VZDVHYDOXDWHG
7DEOH'LUHFWDQGLQGLUHFW*+*HPLVVLRQVIURPZDVWHZDWHUFROOHFWLRQWUHDWPHQWDQGGLVFKDUJH>@
'LUHFW*+*HPLVVLRQV ,QGLUHFW*+*HPLVVLRQV
:DVWHZDWHUFROOHFWLRQVHZHUV\VWHP (OHFWULFLW\VXSSO\
:DVWHZDWHUWUHDWPHQW::73 7UDQVSRUWDWLRQHJFKHPLFDOVVHZDJHVOXGJH
:DVWHZDWHUGLVFKDUJHLQZDWHUERGLHV 8VHRIFKHPLFDOVDQGDGGLWLYHVLQFOXGLQJ*+*
HPLVVLRQVLQWKHXSVWUHDPVWDJHVRISURGXFWLRQ
 'LVSRVDOUHXVHRIUHVLGXDOVHJELRVROLGV
0HWKRGV
7KH FDUERQ IRRWSULQW DQDO\VHV ZHUH SHUIRUPHG IRU WZR PRGHO PXQLFLSDO ::73 RI  SRSXODWLRQ
HTXLYDOHQWV 3( HDFK 7KH EDODQFH ERXQGDU\ ZDV VHW E\ WKH VHZDJH VOXGJH WUHDWPHQW VWLOO LQFOXGLQJ DQDHURELF
GLJHVWLRQDQGVOXGJHGHZDWHULQJ,QFRQWUDVWWKHIROORZLQJSURFHVVHVZHUHQRWFRQVLGHUHGLQWKH&2EDODQFH
x *+*HPLVVLRQVUHVXOWLQJIURPWKHGLVSRVDORIELRVROLGVWKLVVSHFLILFWRSLFLVGLVFXVVHGHOVHZKHUH>@
x *+*HPLVVLRQVIURPWKHVHZHUV\VWHPWKHUDQJHRI&+DQG12HPLVVLRQVLQVHZHUV\VWHPVLVLQIOXHQFHGE\
VHYHUDO IDFWRUV HJ VHZHU W\SH OHQJWKV VORSH VHZDJH WHPSHUDWXUH DQG VWLOO FRQWURYHUVLDO ,Q FRQWUDVW WR WKH
DVVXPSWLRQRI WKH ,3&&JXLGHOLQHVSRVWXODWLQJ WKDW&+XQG12HPLVVLRQV LQRSHQVHZHUVDUHQHJOLJLEOH >@
ILHOGPHDVXUHPHQWVUHYHDOHGWKDWHPLVVLRQVFDQEHVLJQLILFDQW>@
x *+* HPLVVLRQV GXULQJ WKH FRQVWUXFWLRQ SKDVH RI::73V LQ WKLV UHJDUGV >@ VKRZHG WKDW *+* HPLVVLRQV
UHVXOWLQJIURPWKHXVHRIUDZPDWHULDOVDQGHQHUJ\LQWKHFRQVWUXFWLRQSKDVHRIWZRUHDO::73VFRUUHVSRQGWR
RIWKHWRWDO*+*HPLVVLRQRIWKH::73IRUDVHUYLFHOLIHRI\HDUV
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2.1. Model WWTPs 
%RWK PRGHO::73V ZHUH GHVLJQHG DV VLQJOH VWDJH DFWLYDWHG VOXGJH SODQWV RQH ZLWK DQDHURELF GLJHVWLRQ RI
VHZDJH VOXGJH ::73$' WKH RWKHU RQH ZLWK VLPXOWDQHRXV DHURELF VOXGJH VWDELOL]DWLRQ ::736$6 7KH
LQIOXHQWZDVWHZDWHUIORZUDWHDQGSROOXWDQWORDGZDVFDOFXODWHGXVLQJSURFDSLWDORDGLQJYDOXHVW\SLFDOIRUPXQLFLSDO
ZDVWHZDWHULQ&HQWUDO(XURSHJ&2'3(GJ713(GJ733(G/3(G>@
5HOHYDQWVSHFLILFDWLRQVRIERWK::73VDUHVXPPDUL]HGLQ7DEOH$VVXPSWLRQZHUHEDVHGRQWKHUHVXOWVRID
EURDG EHQFKPDUNLQJ VWXG\ FRPSULVLQJ $XVWULDQ::73V >@ DQG OLWHUDWXUH YDOXH >@ 6LPXOWDQHRXV DHURELF
VOXGJHVWDELOL]DWLRQLVFKDUDFWHUL]HGE\DQLQWULQVLFKLJKHUHQHUJ\GHPDQGIRUDHUDWLRQN:KHO3(DDQGVSHFLILF
ELRVROLGV SURGXFWLRQ J 7RWDO 6ROLGV3(G 1LWURJHQ 71 LV UHPRYHG IURP ZDVWHZDWHU E\ QLWULILFDWLRQ DQG
GHQLWULILFDWLRQ,WZDVDVVXPHGWKDW71UHPRYDODW::73$'H[KLELWVDQXQH[SORLWHGRSWLPL]DWLRQSRWHQWLDODQG
WKDWLWFDQEHLQFUHDVHGIURPWRE\VHWWLQJWDUJHWHGRSHUDWLQJPHDVXUHV'XHWRWKHORZHU&2'DYDLODELOLW\
IRUGHQLWULILFDWLRQDVRPHZKDWORZHUGHJUHHRI71UHPRYDOFDQEHDFKLHYHGDW::73$'HYHQDIWHURSWLPL]DWLRQ
3RVWXODWLQJ DQ HOHFWULF HIILFLHQF\ RI WKH EORFN KHDW DQG SRZHU XQLW RI   N:KHO3(D HOHFWULFLW\ FDQ EH
SURGXFHG DW ::73$' RXW RI D GDLO\ ELRJDV SURGXFWLRQ RI  / SHU 3( &+FRQWHQW RI ELRJDV  7KH
SURYLGHGHOHFWULFLW\FDQFRYHUWKHHQHUJ\GHPDQGIRUDHUDWLRQLQWKHDFWLYDWHGVOXGJHWDQN
7DEOH6SHFLILFDWLRQVRIWKHPRGHOZDVWHZDWHUWUHDWPHQWSODQWV
 ::73$' ::736$6 8QLW
&2'LQIOXHQW::73   J&2'3(G
&2'SULPDU\VOXGJH   J&2'3(G
&2'H[FHVVVOXGJH   J&2'3(G
&2'HIIOXHQW::73   J&2'3(G
&2'R[LGL]HG   J&2'3(G
71QLWULILHG   J13(G
71GHQLWULILHG   J13(G
&2'UHPRYDO   
71UHPRYDO   
73UHPRYDO   
(QHUJ\GHPDQGIRUDHUDWLRQ   N:KHO3(D
(QHUJ\GHPDQGIRU::73   N:KHO3(D
&2'LQPHWKDQH   J&2'3(G
0HWKDQHSURGXFWLRQ   /3(G
%LRJDVSURGXFWLRQ   /3(G
(OHFWULFLW\IURPELRJDV   N:KHO3(D
6OXGJHSURGXFWLRQ   J763(G
*By 77% TN removal; **TN removal can be increased to 90% optimizing the operation; ***gas standard volume: 273.15 °K, 1.01325 bar
2.2. Direct GHG emissions from WWTPs 
7KHSURGXFWLRQDQGHPLVVLRQRI&+DQG12DW::73VFDQRFFXUDWGLIIHUHQWWUHDWPHQWVWDJHV)LJ12LV
SURGXFHGPDLQO\ LQ WKHDFWLYDWHG VOXGJH WDQNDV D VLGHSURGXFWRI WKHELRORJLFDO71UHPRYDOE\QLWULILFDWLRQDQG
GHQLWULILFDWLRQ DQG WKHQ VWULSSHG LQWR WKH DWPRVSKHUH E\ DHUDWLRQ > @ $W ::73V ZLWK DQDHURELF GLJHVWLRQ
SULPDU\VHGLPHQWDWLRQDQGWKHZKROHVOXGJHOLQHFDQEHDSRWHQWLDOVRXUFHRIGLUHFW&+HPLVVLRQV>@$HURELFDOO\
VWDELOL]HG VHZDJH VOXGJH FDQ DOVR EHFRPH D VRXUFH RI&+ DV VRRQ DV DQDHURELF FRQGLWLRQV DUH HVWDEOLVKHG HJ
GXULQJORQJWHUPVWRUDJHIRUVHYHUDOPRQWKV>@7KH&2'DQG71OHDYLQJWKH::73ZLWKWKHWUHDWHGHIIOXHQWFDQ
SURPRWHIXUWKHU&+DQG12SURGXFWLRQDQGHPLVVLRQLQWKHUHFHLYLQJZDWHUERGLHVGHSHQGLQJRQH[LVWLQJPLOLHX
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FRQGLWLRQV 7KH FDOFXODWLRQ RI WKH FOLPDWH LPSDFW RI 12 DQG &+ ZDV SHUIRUPHG DSSO\LQJ WKH *:3 RI
NJ&2HNJ&+ DQG RI NJ&2HNJ12 UHVSHFWLYHO\ UHIHUULQJ WR D WLPH IUDPHZRUN RI  \HDUV DQG
LQFOXGLQJFOLPDWHFDUERQIHHGEDFNV>@



)LJD*+*HPLVVLRQVDW::73$'ZLWKDQDHURELFGLJHVWLRQDQGEDW:::736$6ZLWKVLPXOWDQHRXVDHURELFVOXGJHVWDELOL]DWLRQ
2.3. Estimation of N2O emissions from municipal WWTPs 
$FWLYDWHGVOXGJHWDQNVKDYHVKRZQWREHWKHPDLQVRXUFHVRI12DW::73$PRUHGHWDLOHGGLVFXVVLRQRQWKH
IRUPDWLRQPHFKDQLVPVRI12HPLVVLRQV LQDFWLYDWHGVOXGJH WDQNFDQEHIRXQG LQ OLWHUDWXUH>@$FFRUGLQJ WR
FXUUHQW XQGHUVWDQGLQJ 12 SURGXFWLRQ DQG HPLVVLRQ GXULQJ QLWULILFDWLRQ FDQ EH UHGXFHG E\ RSWLPL]LQJ SURFHVV
FRQGLWLRQVEXWQRWFRPSOHWHO\DYRLGHG7KLVDSSOLHVWRERWKSRVWXODWHGIRUPDWLRQSDWKVWKHQLWULILHUGHQLWULILFDWLRQ
DQG WKH R[LGDWLRQ ELRORJLFDO RU FKHPLFDO RI K\GUR[\ODPLQH'XULQJ GHQLWULILFDWLRQ12 LV SURGXFHG DV REOLJDWH
LQWHUPHGLDWH+RZHYHU XQGHU IDYRUDEOH SURFHVV FRQGLWLRQV HJ ORZGLVVROYHGR[\JHQ DQGQLWULWH FRQFHQWUDWLRQV
VXIILFLHQW&2'DYDLODELOLW\GHQLWULILFDWLRQFDQEHFRPHDVLJQLILFDQW12VLQNSURPRWLQJ WKH UHGXFWLRQRI12WR
JDVHRXV1
7KHYDULDELOLW\UDQJHRIGLUHFW12HPLVVLRQVPHDVXUHGDW::73VVRIDULVZLGH()VH[SUHVVHGDVNJ121
HPLWWHGSHULQIOXHQWNJ71YDU\EHWZHHQXQG>@7KLVSURQRXQFHGYDULDELOLW\PDLQO\GHULYHVIURPWKH
VLJQLILFDQW LPSDFW WKDW RSHUDWLQJ FRQGLWLRQV KDYH RQ12 SURGXFWLRQ >@ 7KH GHJUHH RI 71 UHPRYDO DQG WKH
ORDGLQJFRQGLWLRQVLQDFWLYDWHGVOXGJHWDQNVZHUHLGHQWLILHGDVWKHPDMRURSHUDWLQJSDUDPHWHUVDIIHFWLQJGLUHFW12
HPLVVLRQ ZLWKLQ ORQJ WHUP PHDVXUHPHQW FDPSDLJQV DW HLJKW PXQLFLSDO ::73V LQ $XVWULD > @ 7KH
PHDVXUHPHQWV WRRN SODFH LQ DFWLYDWHG VOXGJH WDQNV DSSO\LQJ ORQJWHUP RQOLQH PHDVXUHPHQWV LQ WKH H[KDXVWHG
DHUDWLRQDLUIORDWLQJJDVKRRGFRQQHFWHGWRD,56SHFWURPHWHUDVZHOODVLQWKHEXONOLTXLG8QLVHQVHPLFURVHQVRU
RYHU VHYHUDO ZHHNV $ GHFUHDVLQJ () J121J1LQIOXHQW::73 ZDV FRXSOHG ZLWK DQ LQFUHDVLQJ 71 UHPRYDO
D
E
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HIILFLHQF\ DQG D GHFUHDVLQJ YROXPHWULF ORDGLQJ UDWH )LJ 7KH REVHUYHG FRUUHODWLRQ ZLWK WKH 71 UHPRYDO
SHUIRUPDQFHFRQILUPVWKHUROHRIWKHGHQLWULILFDWLRQDV12VLQNLQDFWLYDWHGVOXGJHWDQNV&RQVLGHULQJWKDWORZHU
71UHPRYDOZHUHPRVWO\FRXSOHGZLWKKLJKYROXPHWULF ORDGLQJUDWHV LQ WKHDFWLYDWHGVOXGJH WDQNV WKH UHJUHVVLRQ
PRGHO UHIOHFWV DOVR WKH LQIOXHQFH RI WKLV RSHUDWLQJ SDUDPHWHU %DVHG RQ WKH SURMHFW UHVXOWV DQ $XVWULDQ FRXQWU\
VSHFLILF HVWLPDWLRQPHWKRG RI GLUHFW12 HPLVVLRQV IURP DFWLYDWHG VOXGJH WDQNV GHSHQGLQJ RQ 71 UHPRYDO ZDV
GHYHORSHG>@LQREMHFWLRQWRWKHOHVVUHSUHVHQWDWLYH()RIJ12SHUVRQDRIWKH,3&&JXLGHOLQHV>@7KH
,3&&()LVEDVHGRQPHDVXUHPHQWVJUDEVDPSOHVQRRQOLQHPHDVXUHPHQWVSHUIRUPHGDWRQO\RQHVLQJOH::73
RIQRWVSHFLILHG71UHPRYDOHIILFLHQF\DQGQRWUHFHLYLQJDQ\ZDVWHZDWHUIURPLQGXVWULDOVRXUFHV>@
7KH GLUHFW 12 HPLVVLRQV IURP WKH DFWLYDWHG VOXGJH WDQNV RI ERWKPRGHO::73VZHUH FDOFXODWHG XVLQJ WKH
UHJUHVVLRQPRGHOGHSLFWHGLQ)LJ$W::73$'DFKLHYLQJD71UHPRYDORIRI71LQIOXHQWLVHPLWWHG
LQWKHDWPRVSKHUHDV12$W::736$6WKH()GHFUHDVHVWRGXHWRWKHPXFKKLJKHU71UHPRYDORI
)RU12HPLVVLRQVRFFXUULQJLQUHFHLYLQJZDWHUERGLHVWKH,3&&()RIRIHIIOXHQW71ZDVDSSOLHG>@

)LJ6FDWWHUSORWRIGLUHFW12HPLVVLRQVIURPDFWLYDWHGVOXGJHWDQNVJ121J1LQIOXHQW::73DQG71UHPRYDOHIILFLHQF\FRPSULVLQJ
PHDVXUHPHQWFDPSDLJQVDWHLJKW$XVWULDQ::73V>@(DFKSRLQWLQWKHGLDJUDPUHSUHVHQWVWKHDYHUDJHRYHUDOOGLUHFW12HPLVVLRQVRI
DFWLYDWHGVOXGJHWUHDWPHQWUHVXOWLQJIURPHYHU\VLQJOHPHDVXUHPHQWFDPSDLJQ
2.4. Estimation of CH4 emissions from municipal WWTPs 
7KHVWDWHRINQRZOHGJHRIGLUHFW&+HPLVVLRQVDW::73VLVQRWVRFRPSUHKHQVLYHDVIRU12VLQFHIHZILHOG
PHDVXUHPHQWVKDYHEHHQSXEOLVKHGLQOLWHUDWXUHVRIDU>@$W::73VZLWKDQDHURELFGLJHVWLRQDERXW
RIWKHGLUHFW&+HPLVVLRQVDUHH[SHFWHGWRRFFXULQWKHVOXGJHOLQH>@3RWHQWLDOVRXUFHVDUHDQDHURELFGLJHVWHUV
IXJLWLYHELRJDVHPLVVLRQVVOXGJHVWRUDJH WDQNVDQG WKHVOLSRI WKHEORFNKHDWDQGSRZHUSODQW,Q WKHZDWHU OLQH
&+FDQEHIRUPHGLQWKHSULPDU\VHGLPHQWDWLRQDQGWKHQVWULSSHGRXWZLWKWKHDHUDWLRQDLULQDFWLYDWHGVOXGJHWDQNV
8QGHUDHURELFFRQGLWLRQV&+FDQEHDOVRSDUWLDOO\ELRORJLFDOO\R[LGL]HGDVREVHUYHGE\>@
&+ HPLVVLRQ IDFWRUV IRU DQDHURELF GLJHVWHUV IURP OLWHUDWXUH UDQJH EHWZHHQ  >@ DQG  >@ RI WKH
SURGXFHG&+WKHKLJKHVWQXPEHUEHLQJPHUHO\EDVHGRQH[SHUWMXGJHPHQW'HSHQGLQJRQWKHVOXGJHVWDELOL]DWLRQ
GHJUHHDFKLHYHGLQWKHGLJHVWHU&+HPLVVLRQVE\VWRULQJDQGGHZDWHULQJRIGLJHVWHGVHZDJHVOXGJHUDQJHEHWZHHQ
DQGRI WKH&+SURGXFWLRQ>@,QFRPSDULVRQ WR WKDW WKHUHOHDVHRI&+GLVVROYHG LQ WKHGLJHVWHG
VOXGJHLVRIOHVVUHOHYDQFHDVFRQILUPHGE\PHDVXUHPHQWVLQGLJHVWHGVOXGJHRIVHYHQGLIIHUHQWPXQLFLSDO
::73V>@7KHSHUFHQWDJHRIXQEXUQHG&+PHDVXUHGLQWKHFRPEXVWLRQDLURIEORFNKHDWDQGSRZHUSODQWYDU\
EHWZHHQ>@DQG>@RIWKH&+SURGXFHG
0HDVXUHPHQWVDW::73VXVLQJDQLQWHJUDWHGUHPRWHVHQVLQJDSSURDFKHJG\QDPLFWUDFHUGLVSHUVLRQPHWKRG
SURYLGHG&+()VIRUWKHZKROH::73XSWRRIWKHELRJDVSURGXFWLRQ>@)RUWKHPRGHO::73$'DPRUH
FRQVHUYDWLYH WRWDO &+ HPLVVLRQ RI  ZDV DVVXPHG 5HIHUUHG WR WKH LQIOXHQW &2' ORDG WKLV DPRXQWV WR
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J&+NJ&2'LQIOXHQW::73ZKLFKLVLQWKHUDQJHRIWKHYDOXHUHSRUWHGE\>@
$FFRUGLQJWRWKH,3&&*XLGHOLQHV>@&+HPLVVLRQVDW::73VZLWKVLPXOWDQHRXVDHURELFVOXGJHVWDELOL]DWLRQ
DUH QHJOLJLEOH DV ORQJ DV WKH DFWLYDWHG VOXGJH WDQNV DUH QRW RYHUORDGHG DQG VXIILFLHQWO\ DHUDWHG7KLV DVVXPSWLRQ
DSSOLHVIRUWKHPRGHO::736$67KH&+HPLVVLRQVUHVXOWLQJIURPWKHORQJWHUPVWRUDJHRIGHZDWHUHGVOXGJH!
PRQWKVZHUHFDOFXODWHGRQWKHEDVLVRIDIXUWKHU&2'GHJUDGDWLRQXQGHUDQDHURELFFRQGLWLRQVRI)RU&+
HPLVVLRQVLQWKHUHFHLYLQJZDWHUERGLHVWKH,3&&()RINJ&+NJ&2'HIIOXHQWZDVDGRSWHG
2.5. Estimation of indirect GHG emissions of municipal WWTPs 
,QGLUHFW*+*HPLVVLRQVZHUHHVWLPDWHGXVLQJ()VDYDLODEOHLQUHOLDEOHGDWDEDVHV>@DVGHSLFWHGLQ7DEOH
7KH ZKROH XSVWUHDP FKDLQ RI FKHPLFDO DSSOLFDWLRQ DW ::73V H[WUDFWLRQ RI UDZ PDWHULDO SURGXFWLRQ DQG
GLVWULEXWLRQ ZDV FRQVLGHUHG ,W FDQ EH QRWHG WKDW WKH PDQXIDFWXULQJ SURFHVV FDQ VLJQLILFDQWO\ LPSDFW WKH () RI
FKHPLFDOV7KHSURGXFWLRQRI)H&ORXW RI LURQR[LGH DQGK\GURFKORULF DFLG LV HJPRUH HPLVVLRQ LQWHQVLYH WKDQ
XVLQJSLFNOLQJDFLGVDQGFKORULQHJDV7DEOH,QFDVHDSURGXFWLVQRWVSHFLILFDOO\SURGXFHGEXWUHVXOWVDVDVLGH
SURGXFWRXWRIDQLQGXVWULDOPDQXIDFWXULQJSURFHVV*+*HPLVVLRQVQHHGWREHUHDOORFDWHGDVVXJJHVWHGE\>@
$W WKHPRGHO::73VSKRVSKDWHSUHFLSLWDWLRQ LVDFKLHYHGE\DGGLQJ LURQFKORULGH LQH[FHVVPRO)HSHU
PRO326HZDJHVOXGJHGHZDWHULQJRFFXUVLQDILOWHUSUHVVFKDPEHUE\DGGLQJSRO\PHUVNJDFWLYHVXEVWDQFH
SHU WRQ WRWDO VROLGV DQG LURQ FKORULGH  NJ )H&O SHU WRQ 76 7KH () IRU LURQ FKORULGH ZDV DVVXPHG WR EH
NJ&2HPRO)H >@ IRU SRO\PHUHV NJ&2HNJDFWLYH VXEVWDQFH >@ &2H HPLVVLRQV UHVXOWLQJ IURP
FKHPLFDOVWUDQVSRUWDWLRQZHUHDOVRLQFOXGHGLQWKHFDUERQEDODQFH
7DEOH(PLVVLRQIDFWRUVDV&2HXVHGIRUWKHFDOFXODWLRQRILQGLUHFW*+*HPLVVLRQVDWWKHPRGHO::73V
 (PLVVLRQIDFWRU 8QLW 6RXUFH
(OHFWULFHQHUJ\JHQHUDWLRQDQGVXSSO\LQ$XVWULD  NJ&2HN:K >@
7UDQVSRUWE\ORUU\W(852  NJ&2HWRQNP >@
,URQFKORULGHIRUSKRVSKDWHSUHFLSLWDWLRQ
x ,URQR[LGHDQGK\GURFKORULFDFLG
x 3LFNOLQJDFLGVDQGFKORULQHJDV




NJ&2HPRO)H
NJ&2HPRO)H

>@
>@
6OXGJHFRQGLWLRQLQJWKLFNHQLQJGHZDWHULQJ
x 2UJDQLFSRO\PHUV
x 2UJDQLFSRO\PHUV




NJ&2HNJDFWLYHVXEVWDQFH
NJ&2HNJDFWLYHVXEVWDQFH

>@
>@
5HVXOWV
7KHFDUERQIRRWSULQWDQDO\VLVIRU::73$'UHVXOWVLQDWRWDOHPLVVLRQRIDSSUR[NJ&2H3(D)LJ7KH
&2HFUHGLWRINJ&2H3(DSURYLGHGE\WKHHQHUJHWLFXVHRIWKHELRJDVLVDOUHDG\FRQVLGHUHG7KLVUHGXFWLRQ
SRWHQWLDO RI&2H HPLVVLRQV LV RIIVHW E\ NJ&2H3(D HPLWWHG GLUHFWO\ DW WKH SODQW DV&+ DFFRUGLQJ WR WKH
DVVXPSWLRQPDGHLQFKDSWHU7KHLPSDFWRILQGLUHFW&2HHPLVVLRQFDXVHGE\WKHHOHFWULFLW\FRQVXPSWLRQRIWKH
::73 LVPXFK ORZHU FRPSDUHG WR WKHGLUHFW12(PLVVLRQ YV RI WKH WRWDO HPLVVLRQ ,Q FDVH WKH71
UHPRYDODWWKH::73LVLQFUHDVHGIURPWRE\RSWLPL]LQJWKHRSHUDWLRQRIWKHDFWLYDWHGVOXGJHSURFHVV
GLUHFW12HPLVVLRQFRXOGEHVLJQLILFDQWO\UHGXFHGIURP WRNJ&2H3(DDVSUHGLFWHGE\ WKHUHJUHVVLRQ
PRGHOLQ)LJ7KLVZRXOGOHDGWRDQDGGLWLRQDOUHGXFWLRQRIWKHHOHFWULFLW\GHPDQGIRUDHUDWLRQNJ&2H3(D
DVZHOODVWRDIXUWKHUGHFUHDVHRI12HPLWWHGLQWKHUHFHLYLQJZDWHUERGLHVWKURXJKWKHHQKDQFHGHIIOXHQWTXDOLW\
RI WKH SODQW NJ&2H3(D 7KH FDUERQ IRRWSULQW RI ::73$' FRXOG EH LPSURYHG IURP  WR DSSUR[
NJ&2H3(D
7KH FDOFXODWHG FDUERQ IRRWSULQW RI ::736$6 LV VOLJKWO\ ORZHU DPRXQWLQJ WR DSSUR[ NJ&2H3(D
7KHUHLQRIWKH&2HHPLVVLRQLVFDXVHGE\HOHFWULFLW\FRQVXPSWLRQ'XHWRWKHKLJKHUGHJUHHRI71UHPRYDO
DFKLHYHGDWWKLVSODQWDPXFKORZHU12HPLVVLRQFDQEHH[SHFWHGNJ&2H3(D&+HPLVVLRQVDULVLQJ
IURPWKHORQJWHUPVWRUDJHRIGHZDWHUHGELRVROLGVFRQWULEXWHZLWKNJ&2H3(DWRWKHWRWDOHPLVVLRQ
$VDUHVXOWRIWKHKLJKWUHDWPHQWFDSDFLW\DFKLHYHGDWERWK::73VORZ&2'DQG71HIIOXHQWORDG12DQG
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&+HPLVVLRQVLQWKHUHFHLYLQJZDWHUERGLHVSOD\DPLQRUUROHLQWKH&2HEDODQFHRIWRWDO&2HHPLVVLRQDW
::73$' DQG  DW ::736$6 &2H HPLVVLRQV IURP LQGLUHFW VRXUFHV FKHPLFDOV DQG WUDQVSRUWDWLRQ
FRQWULEXWHDVZHOOWRDOHVVGHJUHHWRWKHFDUERQIRRWSULQW
7KHFRPSDULVRQEHWZHHQWKHWZRPRGHO::73VFOHDUO\VKRZWKDW±XQGHUWKHDVVXPSWLRQVPDGH±WKHFDUERQ
IRRWSULQW RI::73V ZLWK DQDHURELF GLJHVWLRQ UHVHPEOHV WKH RQH RI::37V ZLWK VLPXOWDQHRXV DHURELF VOXGJH
VWDELOL]DWLRQSURYLGHGWKDWWKHGHJUHHRI71UHPRYDOLVFRPSDUDEOHDQG&+ORVVHVIURPWKHVOXGJHVWDELOL]DWLRQFDQ
EH UHGXFHG 7KURXJK DQ LPSURYHG 71 UHPRYDO VHYHUDO DGYDQWDJHV FDQ EH JDLQHG GLUHFW 12 HPLVVLRQV FDQ EH
UHGXFHG WKH HQHUJ\ GHPDQG IRU DHUDWLRQ FDQ EH GHFUHDVHG DQG D KLJKHU HIIOXHQW TXDOLW\ FDQ EH DFKLHYHG 7KH
PLQLPL]DWLRQ RI GLUHFW &+ HPLVVLRQV QRW RQO\ LPSURYHV WKH FDUERQ IRRWSULQW RI::73V EXW DOVR LQFUHDVHV WKH
HQHUJ\\LHOGE\FRPEXVWLQJWKLVUHQHZDEOHHQHUJ\FDUULHULQDEORFNKHDWDQGSRZHUXQLW


)LJ5HVXOWVRIWKHFDUERQIRRWSULQWDQDO\VHVIRUWKH::73DZLWKDQDHURELFGLJHVWLRQDQGEZLWKVLPXOWDQHRXVDHURELFVOXGJHVWDELOL]DWLRQ
&RQFOXVLRQV
7KHUHVXOWVRIWKHFDUERQIRRWSULQWDQDO\VHVVKRZWKDWWKHGLUHFW12DQG&+HPLVVLRQVVLJQLILFDQWO\LPSDFWWKH
&2HEDODQFHRIPXQLFLSDO::73V7KLVLPSDFWZLOOEHFRPHHYHQPRUHSURQRXQFHGZKHQLQWKHIXWXUHHOHFWULFLW\
SURYLGHGE\WKHJULGZLOOEHJHQHUDWHGXVLQJH[FOXVLYHO\UHQHZDEOHVRXUFHV
7KHFKRLFHRI()VVWURQJO\LPSDFWV&2HEDODQFHVDQGWKHUHIRUHUHTXLUHVDFDUHIXOSURIHVVLRQDODSSURDFK,QWKLV
UHJDUG VHQVLWLYLW\ DQDO\VHV FDQ KHOS WR DVVHVV WKH FRQILGHQFH OHYHO RI WKH &2H EDODQFH 'HVSLWH WKH VWURQJ
YDULDELOLW\RIWKHPHDVXUHG()IRUGLUHFW12HPLVVLRQVDW::73VWKHNQRZOHGJHRIWKHSURGXFWLRQPHFKDQLVPV
DQG LQIOXHQFLQJ IDFWRUV KDV EHHQPDWXUHG VR IDU WKDW HVWLPDWLRQV EDVHG RQ WKH LQIOXHQW QLWURJHQ ORDG DQG RQ WKH
QLWURJHQUHPRYDORIWKH::73DUHQRZSRVVLEOH,QFRQWUDVWWKHNQRZOHGJHRIWKHUHGXFWLRQSRWHQWLDORIGLUHFW&+
HPLVVLRQ DW::73V LV VWLOO LQDGHTXDWH DQG UHTXLUHV IXUWKHU UHVHDUFK&XUUHQW UHVXOWV LQGLFDWH WKDW D FDUHIXO SODQW
GHVLJQDQGDQRSWLPL]HGRSHUDWLRQRIDFWLYDWHGVOXGJHWUHDWPHQWLQWHUPVRI71UHPRYDODQGXVHRIFKHPLFDOVDUH
SUHUHTXLVLWHV IRU D ORZ FDUERQ IRRWSULQW RI ::73V +RZHYHU LW KDV WR EH HPSKDVL]HG WKDW FDUERQ IRRWSULQW
DQDO\VHVDORQHFDQQRWSURYLGHWKHEDVLVIRUGHFLVLRQRQZDVWHZDWHUVDQLWDWLRQPDWWHUV$QHFRORJLFDOHYDOXDWLRQLQ
WKHFRQWH[WRIDFRPSUHKHQVLYHOLIHF\FOHDVVHVVPHQW/&$UHSUHVHQWVDYDOXDEOHDGGLWLRQ
7KHFDUERQIRRWSULQWDQDO\VHVUHYHDOWKDW*+*HPLVVLRQVIURPPXQLFLSDO::73VKDYHDVPDOOLPSDFWDWJOREDO
VFDOHFRUUHVSRQGLQJLQDYHUDJHWRRIWKHWRWDO&2HHPLVVLRQLQ$XVWULDLQ>@DQGRIWKH\HDUO\
DYHUDJHSURFDSLWD&2HHPLVVLRQLQ(XURSH>@UHVSHFWLYHO\1HYHUWKHOHVVWKHRSWLPL]DWLRQRI::73RSHUDWLRQ
FDQEHVLJQLILFDQWDWORFDOVFDOHDQGKHOSLPSURYLQJWKHFDUERQIRRWSULQWRIXUEDQDUHDV
5HIHUHQFHV
>@ ,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KDQJH ,3&& *XLGHOLQHV IRU 1DWLRQDO *UHHQKRXVH *DV ,QYHQWRULHV 3UHSDUHG E\ WKH 1DWLRQDO
*UHHQKRXVH*DV ,QYHQWRULHV3URJUDPPH(JJOHVWRQ+6%XHQGLD/0LZD.1JDUD7 DQG$QDEH. HGV 3XEOLVKHGE\ ,*(6
-DSDQKWWSZZZLSFFQJJLSLJHVRUMSSXEOLFJO9ROXPH:DVWH&KDSWHU:DVWHZDWHUWUHDWPHQWXQGGLVFKDUJH
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